with the yawing momentasymmetries, the control systemhadto increasethe amountof control deflectionrequired.In many cases,this increaseresultedin a position saturationof one of the trailing-edgeflapsor thrustvectorpaddles.
To reducethe asymmetry,transitiongrit strips wereappliedalongthe forebody (Fig. 3) to force boundary-layer transition at the samelocation on both sidesof the forebody.This methodhad shownsomepromisein reducinghighAOA yawing asymmetries duringearlier testson the F-lg High Alpha Research Vehicle(HARV).1Transitionstripswerealsoinstalledalongthe noseboom with the hopesthat a turbulentseparationfrom the cylindrical cross-section would result in a reducedwake impinging on the forebody.These configuration changesimproved the pilotreportedhandlingqualitiessomewhat, however, the asymmetries werenot eliminated.
Shortly into the high AOA, elevated-gphaseof the envelopeexpansion,a departurefrom controlledflight occurredon ship 2 as the pilot was performing a 2-g split-S maneuver to 60" (Fig. 8) .
The maximum asymmetry level has also been shown to be a function of the bluntness of the nose tip? Figure 9 illustrates that as the nose tip radius is increased, the maximum asymmetries. An analysis of multiple decelerations, pull-ups, and split-S maneuvers with the same aircraft configuration resulted in a "fingerprint" of the asymmetry characteristic for a given configuration at a given flight condition.
The X-31 control laws were designed to allow the pilot to command AOA with the pitch stick, stability axis roll rate with the roll stick, and sideslip with the rudder pedals. From 30 to 50°AOA, the sideslip commands were faded to zero. Two control law features worked to make the maneuvers nearly independent of pilot technique. The first of these was an AOA limiter. The AOA limiter allowed the pilot to set the maximum AOA command that the control laws would generate for a specific maneuver. This permitted the pilot to pull the stick aft of the target command, resulting in an AOA command that stopped at the limiter setting. 
Results
The asymmetry analysis technique confirmed that medium to large yawing moment asymmetries existed on both X-31 aircraft at high angles of attack. The results also verified that the asymmetry characteristic was not the same for both aircraft.
Aircraft #1 (tail number 584)

Steady-State Maneuvers
The yawing moment asymmetry for ship 1 during slow (essentially l-g) decelerations to high AOA conditions is shown in Fig. 12 in response to these asymmetries a transition grit strip was installed on both sides of the forebody and along the sides of the noseboom as shown in Fig. 11 . Unfortunately, the data as plotted in Fig. 12 indicate that the asymmetry problem was magnified. Although the largest asymmetry began to build at the same AOA (48°), the peak asymmetry increased to Cn o = -.078. The AOA at which the largest asymmetry occurred also appeared to be effected by the transition strip application. The addition of the transition strips increased the AOA at which the largest asymmetry occurred from 58 to 61°.
The replacement of the forebody transition strip with the $1 strake, along with the blunting of the nose tip, effectively delayed the initiation of the yawing moment asymmetry up to an AOA of 55".
A peak asymmetry of Cn 0 = -.040 occurred at 60°AOA, after which the asymmetry diminished. As with the unmodified forebody, the aircraft became nearly symmetric by 65°AOA.
The addition of a boundary-layer transition strip along the forebody aft of the strake resulted in an increase in the asymmetry level. A sharp change in the asymmetry occurred near 55°AOA. An asymmetry level of Cn 0 <-.050 remained over an AOA range of 59 to 66°AOA. Thus, the addition of the forebody transition strip increased the yawing moment asymmetry and caused it to remain at its largest level for a broader AOA range. Figure 13 tracks the changes in the maximum yawing moment on ship 1 during the configuration modifications.
The most important aspect of the asymmetry fingerprint was the maximum value. Figure 13 shows that the yawing moment asymmetry of the basic aircraft was increased with the addition of forebody and noseboom transition strips. The S1 strake and blunted nose, however, provided a reduction of the maximum asymmetry value. Since the forebody tip was rounded at the sametime thatthe strakeswereadded,their individual effectswerenot distinguishable. The reintroductionof a transition strip aft of the strakeagainresultedin a detrimentaleffect on the maximumasymmetryvalue.Sincethe noseboom transitionstrip wasnot testedindependently of othercomponents on ship 1.noclearstatement of itseffect onthe maximumasymmetryvaluecan bemade.
Another important aspectof the asymmetrywas the AOA range over which the asymmetry affected the aircraft. Figure 14 illustrates the AOA range from the initiation of the yawing moment asymmetry to the AOA at which the asymmetry was negligible. Several important observations can be made from this range plot. First, the strake and blunt nose tip modification delayed the onset of the yawing asymmetry approximately 5 to 55°AOA. Second, the $1 strake produced a smaller AOA range over which the asymmetries effected the aircraft. Third, all of the configurations tended to become symmetric again near 68" AOA.
Unfortunately, no configuration was found that eliminated the asymmetry completely. The combination of the S1 strake, blunted nose tip, and noseboom transition strip, however, resulted in the smallest magnitude asymmetry.
In addition, this combination had the smallest asymmetric AOA range for ship I.
Symmetrical Dynamic Maneuvers
Since the asymmetry problem was first discovered on ship 2, the strake modifications to ship 1 were made before it flew most of the dynamic maneuvers.
As a result, little dynamic data exist for the unstraked forebody configuration.
The majority of the flight data were obtained with the S1 strake, blunted nose tip, and noseboom transition strip configuration. A portion of this data also had the forebody transition strips installed as well. conditions. This may be due to the fact that the aircraft was not flown over a large Reynolds number range (1.5x 10 6 to 4.0x10 6 based on a forebody diameter of about 3.2 It).
Aircraft #2 (tail number 585)
Steady-State Maneuvers
The yawing moment asymmetry characteristic of ship 2 was significantly more troublesome than that of aircraft 1. As a result, greater effort was made to reduce the asymmetry on aircraft 2 through configuration changes. In addition to the configurations changes flown with aircraft 1, an extended length strake, $2, was also tested.
The asymmetryplot for the unmodifiedforebodydid not showeasilydistinguishabletrendsin the asymmetrywith AOA. Eachmaneuver appeared to havea randomasymmetrypattern.Plotsof the asymmetryvs.AOA show that the maximum yawing moment asymmetry appears to be bounded at ICn0[ < .080. The first real improvement in the yawing moment asymmetries was found with the addition of forebody strakes and the blunting of the nose tip on ship 2. An error in the nose tip modification on ship 2 was discovered late in the flight testing. The modified nose tip radius was found to be about1.0-in.diameterinsteadof the 1.5 in. that was specified and completed on ship 1. The data from the SI and $2 strake flight tests are plotted in Fig. 19 . The S1 strake, 1. The basic forebody of ship 2 had a larger asymmetry level than that of ship 1. As was found on ship 1, the configuration with the lowest asymmetry was the S1 strake, blunted nose tip, and noseboom transition strip. The $2 strake appeared to perform just as well as the SI strake in reducing the maximum asymmetry level. A by-product of the $2 strake was found to be a nose-up pitching moment penalty at high AOA, requiring approximately 4°of trailingedge flap to trim out. Since the trailing-edge flaps were used for pitch and roll control it was decided that this penalty was unacceptable and the $2 strakes were removed.
The AOA range over which the yawing moment asymmetries acted on ship 2 is outlined in Fig. 21 . 
Symmetrical Dynamic Maneuvers
Ship 2 was the first of the X-31 aircraft to begin the elevated-g, post-stall maneuvering.
The initial attempt at the envelope clearance used the forebody and noseboom transition grit configuration. Shortly into this clearance a departure from controlled flight occurred while the pilot was performing a 2-g split-S maneuver to 60°AOA. The data analysis showed that the departure was triggered by an unmodeled yawing moment. Using the current technique the asymmetry was calculated and is shown in Fig. 22 . The maximum asymmetry during the maneuver was found to be Cn 0 = .125. As stated, this event triggered the development and installation of forebody strakes on both aircraft. Since the departure occurred so early in the envelope expansion, little data exist of the dynamic effects of the asymmetries without one of the strakes installed.
The yawing moment asymmetries of ship 2 during symmetrical dynamic maneuvers with the strakes and blunted nose tip are presented in Fig. 23 for several Reynolds number ranges. The maximum asymmetry levels were well under those measured for the 1-g deceleration maneuvers.
The S1 strake had a slight right asymmetry above 46°AOA, moving to a left asymmetry above 60°AOA. As noted on ship 1, the magnitude of the asymmetry increased toward the deceleration values as the aircraft angle-of-attack rate decreased to zero. Unlike ship 1, the magnitude of the yawing asymmetry remained slightly less than the deceleration value near the peaks at 60°AOA.
At lower AOA (near 50°), the dynamic maneuvers produced larger asymmetry levels than those seen during the 1-g decelerations.In addition, the maximum asymmetry measuredwhen capturing50°AOA increased with increasingaircraft velocity.
Comparison of X-31Aircraft
Althoughno significantmanufacturingdifferences wereknownbetweenthetwo unmodifiedX-31 aircraft, differencesbetweenthe basic airframehigh AOA yawing momentasymmetrieswere found.ComparingFigs.13and20 showsthatthe basicaircraft maximumyawingmomentonship 2 was approximately 27 percent higher than ship 1. When the nose tips were rounded, ship 1 had a diameter of about 1.5 in. while ship 2 had a diameter of 1.0 in. In addition to the maximum asymmetry differences, the two aircraft had different AOA ranges over which the asymmetry acted. A comparison of Figs. 14 and 21 shows several variations between the aircraft. The initiation of the asymmetry with the forebody and noseboom transition strips present occurred approximately 10°AOA earlier on ship 2. With the S1 strake and blunted nose tip in place the asymmetry initiated approximately 5" AOA earlier on ship 2. The yawing moment asymmetry tended to fade at a slightly lower AOA on ship 1. As a result, ship 2 had a larger AOA range subjected to yawing moment asymmetries.
Several
Comparison to Wind Tunnel
The wind tunnel data 2 did not predict the asymmetry magnitudes that were found in flight test. A difference in the model nose tip diameter between the model and flight test vehicle was found for the unmodified forebody configuration. The model had a full-scale nose tip diameter of 1.20 in., while the aircraft nose tip diameter was closer to .125 in. before the tip was modified. When the strakes were installed on the X-31, the nose tip was rounded to match the wind tunnel model diameter. Figure 24 shows a plot of the yawing moment asymmetry measured on a 19-percent scale model along with the values calculated from flight test data for the clean and straked forebody configurations. Clearly, the wind tunnel test did not predict the magnitude of the asymmetry that was measured in flight. The wind tunnel test did show that the installation of strakes was effective in reducing the high AOA yawing moment asymmetry.
Effects on Maneuvering
The high AOA yawing moment asymmetries of the X-31 aircraft significantly impacted the flight envelope clearance, which delayed the beginning of the tactical utility testing by several months. A possible solution to the trailing-edge flap saturation problem would use the thrust vectoring system in pitch to compensate for the engine gyroscopic coupling. This would allow the full power of the trailing-edge flaps to be used only for roll control. Since the thrust vector system is only fully used during the initiation of the roll, it is available to provide gyroscopic compensation after the roll is established.
Conclusions
An analysis of the static and dynamic yawing moment asymmetry of the X-31 aircraft from flight data was completed for the basic and several modified forebody configurations. The important findings and observations are summarized in the following.
• The combination of forebody strakes and blunt nose tip:
-increased the AOA at which the asymmetry initiated by 7 to 12°-reduced the maximum asymmetry -eliminated the random variations of the asymmetry and made the asymmetry repeatable
• The installation of boundary-layer transition strips along the forebody:
-increased the level of the yawing moment asymmetry -in some cases, widened the AOA range over which the asymmetries acted -reduced the random asymmetry behavior of the unmodified forebody on ship 2
• The installation of boundary-layer transition strips along the noseboom:
-ensured that a turbulent separation existed on the noseboom, thereby minimizing the noseboom wake
The two X-31 aircraft had different yawing moment asymmetry characteristics. Ship 2 had consistently larger yawing moment asymmetries than ship 1. In addition, the yawing moment asymmetries initiated at a lower AOA on ship 2.
Recommendations
Forebody-mounted nosebooms should be avoided whenever possible on high AOA aircraft as their wake can influence the forebody vortex development.
• Caution should be used when using transition strips at high AOA, as larger asymmetries can be created.
• The possibility of asymmetries should be included in the design of control surfaces for high AOA aircraft to ensure that enough power is available to coordinate maneuvering.
• Wind tunnel tests should not be relied upon to predict the yawing moment asymmetry magnitude. 
